alternately by sharing all the oxygens. The Al 3+ in IV-fold coordination demands the presence of cations in the framework to balance the negative charge. The empirical formula of geopolymers, also known as poly(sialates) is M n {-(SiO 2 ) z -AlO 2 } n · wH 2 O, where M is a cation such as K + , Na + , or Ca 2+ ; n is the degree of polycondensation and z is 1, 2, or 3 (Davidovits 1990 ). The geopolymerisation process involves the dissolution of Al and Si from the surface, the diffusion of the dissolved species, the polycondensation of the Al and Si complexes, and the formation of a gel and its hardening that results in the final geopolymeric product (Davidovits 2008; Panias et al. 2007; Xu and Deventer 2000) . Geopolymerization could convert alumino-silicate wastes into value-added products with excellent physical and chemical properties as well as long-term durability (Xu and Deventer 2002) .
Fly ash is a good raw material for making geopolymers owing to its high content of silica and alumina Fernández-Jiménez and Palomo 2003; Jaarsveld et al. 2003; Škvára et al. 2005) . There are several factors that influence the ability of fly ashes to be alkaline activated. The most important are particle size distribution (Temuujin et al. 2009; Kumar and Kumar 2011) , content of vitreous phase (Criado et al. 2007) , Si/Al ratio in vitreous phase (Fernández-Jiménez et al. 2006b; Duxson et al. 2007 ), calcium content (Yip et al. 2005 (Yip et al. , 2008 Lee and Deventer 2002) , and the percentage of unburned material (Fernández-Jiménez and Palomo 2003) . According to studies (Fernández-Jiménez and Palomo 2003; Jaarsveld et al. 1997 Jaarsveld et al. , 1999 , particles of unburned coal residues act as inert particles and are responsible for increasing the liquid/solid ratio. A high content of unburned coal residues in fly ash results in lower compressive strength and increased porosity of a geopolymer.
Most researchers worldwide use ashes with unburned coal residues content below 5% for alkali activation. The present study investigates the feasibility of using fly ash with more than 20% unburned coal residues as a raw material for the synthesis of geopolymers. This paper compares the properties of geopolymers made using fresh fly ash taken directly from the fly ash hopper, and fly ash that was landfilled for several years and thus subjected to various environmental attacks.
Experimental Section

Characterization of fly ashes
Two kinds of fly ash were used in this study. Both of the fly ashes were derived from black coal combusted in the melting boilers of a District Heating Plant in Košice (Slovakia) at a temperature of 1400-1550°C. Fresh fly ash (called FFA) was derived from a fly ash hopper, and deposited fly ash (called DFA) was obtained from an upper layer of the coal-ash sludge bed in Krásna nad Hornádom. Partial chemical analyses of these ashes are indicated in Table 1 . The fly ashes are characterised by a high content of unburned coal residues up to 20% and a SiO 2 /Al 2 O 3 ratio of 2.98 and 2.40 for the deposited fly ash and fresh fly ash, respectively. The mineralogical composition of the fly ashes is presented in Table 2 . The phase analysis was performed using the X-ray diffractometer URD-6/ID 3003 (Rich. Seifert-FPM, Germany) under the following conditions: X-ray radiation Co Ka, high voltage of 40 kV, current of 35 mA, step scan mode with step of 0.05°2q, time per step 3 s. For chemical analysis, the atomic absorption spectroscopy (AAS) (Perkin Elmer instrument, model 1100B) was used.
The morphology of the fly ash ( Fig. 1 ) was observed by scanning electron microscopy (SEM) using a Jeol JSM 7000F with analytical units EDX, EBSD Oxford Instruments. EDX analysis of selected particles found in black coal fly ash revealed the presence of silicon, aluminum, and iron oxides in the form of spherical particles. Particles of unburned coal residues (the particle in a circle) are porous with irregular shape.
To determine the leachability of Al and Si from the fly ashes (Phair and Deventer 2001) , their concentrated suspensions were prepared in a 10 M NaOH solution. The suspensions, containing 24 g of solid dispersed in 50 ml of solution, were mixed for 24 hours, centrifuged, filtered, and diluted with 5 % content HCl before analysis of the elemental concentrations by AAS ( Table 3 ).
The long time exposure of DFA to atmospheric influences and erosion partially changed the chemical (Table 1 ) and mineralogical composition ( Table 2 ). The content of amorphous phase of both fly ashes was approximately the same (83%). Some differences were observed for iron and mullite; in FFA, iron occurred as magnetite (Fe 3 O 4 ) and mullite with the stochiometric composition 3Al 2 O 3 2SiO 2 ; whereas in DFA, iron occurred as hematite (Fe 2 O 3 ) and mullite with the stochiometric composition 2Al 2 O 3 SiO 2 . Loss on ignition of both fly ashes was relatively high, 20.60% and 23.25% for FFA and DFA, respectively. FFA was more reactive than DFA as a higher portion of SiO 2 was released from FFA during leaching in the 10 M NaOH (Table 3) . Particle size distribution is the most significant physical characteristic of fly ash in terms of affecting its reactivity. Grain size distribution of both fly ashes was obtained by the Diffraction Spectrometer Helos 12 LA (Sympatec GmbH, Germany) with a dispersing Feeder Rodos 12 SR for dry, pulverulent solids: granulometric analysis in the range of particles 0.9-170 micrometers. Grading curves of both fly ashes in Figure 2 shows only a small difference between FFA and DFA. The fly ash contains 50% of particles sized lower than 13 µm and 17 µm for FFA and DFA, respectively.
Alkali activation of the fly ashes
Binder was prepared by blending fly ash with activation solution. The SiO-to-Na 2 O ratio (Ms modulus) in the activation solution was adjusted by NaOH addition to the sodium water glass. Sodium water glass from the Kittfort Praha Co. with a density of 1.328-1.378 g/cm 3 was used. It contains 36-38% Na 2 SiO 3 , and the molar ratio of SiO 2 -to-Na 2 O is 3.2-3.5. Solid NaOH with a density of 2.13 g/cm 3 was obtained from different producers, but they all had similar chemical compositions and physical properties, containing at least 98% NaOH and up to 1% Na 2 CO 3 . The value of the Ms modulus in the activation solution ranged from 0.75 to 1.65. The overall concentration of the alkaline activation agent ranged from 6 to 9% Na 2 O in the binder mass. The water-to-fly ash ratio ranged from 0.30 to 0.35. The pastes were cured in a hot air drying chamber at 80°C for 6 hours. Thereafter, the samples were removed from the forms, marked, and stored in laboratory conditions till the moment of the strength test.
Mechanical properties of alkali activated fly ashes
The mechanical properties of the resulting products were studied on prismatic specimens with the dimensions 40´40´160 mm. The values of compressive strength were determined after 7, 28, and 90 days according to the Slovak Standard STN EN 12390-3 using the hydraulic machine Form+Test MEGA 100-200-10D. A part of the samples was kept for 28 days at laboratory temperature, then a water absorption test according to the Slovak Standard STN 73 1316 was performed, after which they were subjected to alternating freezing and defrosting cycles according to the Slovak Standard STN 73 1325.
Results and Discussion
Effect of Na 2 O
In Figure 3 the values of compressive strengths for two fly ashes geopolymers and their evolution over time (7 and 90 days) are shown. The results indicate that higher compressive strengths are obtained for the FFA-geopolymer, which could be associated with Sisol, Drabová and Mosej 2014 / Gospodarka Surowcami Mineralnymi -Mineral Resources Management 30(2), 103-116 the high reactivity of fresh fly ash (Table 3 ). The mechanical strength of alkali-activated fly ashes increases with time until the 90th day of observation. The increase in Na 2 O concentration in mixtures has a positive effect on the compressive strength of geopolymers. The maximum value of the DFA-geopolymer compressive strength was obtained with an 8% Na 2 O concentration (55.3 MPa after 90 days). A further increase in Na 2 O concentration results in a decrease in the achieved compressive strengths. The maximum compressive strength of the FFA-geopolymer was obtained with a 9% Na 2 O concentration (64.9 MPa after 90 days).
The same trend can be seen for both fly ashes; the greater the concentration of Na 2 O, the smaller the water absorption of geopolymers. FFA-geopolymers achieve higher water absorption than DFA-geopolymers, the only exception being the geopolymer with a 9% Na 2 O concentration of the fly ash mass with lower water absorption of the FFA-geopolymer (6.11%) than the DFA-geopolymer (6.71%) prepared by the same method (Table 4) .
Increasing compressive strength results in decreasing water absorption of the geopolymer. Nevertheless, the FFA-geopolymers having higher compressive strength achieve higher water absorption in comparison with the DFA-geopolymers.
The frost resistance of the fly ash geopolymer materials was examined using 25 freezing and defrosting cycles for the DFA-geopolymer and 50 freezing and defrosting cycles for the FFA-geopolymer in an aqueous environment. The values of compressive strength of the geopolymers were compared with the values obtained for the geopolymers without any frost resistance testing (reference samples). In Table 4 the values of the coefficients of freezing for the geopolymers are shown. No damage or deformation could be detected after defrosting cycles in the aqueous environment. The frost resistance of the DFA-geopolymers was better; Figure 4 shows the compressive strengths of both types of examined geopolymers with their evolution over time (7 and 90 days) depending on different SiO 2 -to-Na 2 O molar ratios. It is evident that the FFA-geopolymers achieve higher values of compressive strength than the DFA-geopolymers. The most significant difference in the value of compressive strength was observed when fly ashes were alkali activated using activator with a SiO 2 -to-Na 2 O molar ratio of 0.75. On the other hand, fly ashes activated by activator with a SiO 2 -to-Na 2 O molar ratio of 1.25 after 90 days storage at the laboratory temperature achieved similar values of compressive strength; 55.3 MPa and 55.8 MPa for DFA-and FFA-geopolymer, respectively.
Effect of the SiO 2 -to-Na 2 O molar ratio
The values of the compressive strength of the fly ash geopolymers increase with an increasing SiO 2 -to-Na 2 O ratio from 0.75 to 1.25. However, a further increase in the SiO 2 -to-Na 2 O ratio causes a decrease in the achieved compressive strengths. The compressive strength values of the DFA-geopolymers differing in SiO 2 -to-Na 2 O molar ratio vary. At the same time, the compressive strength of the FFA-geopolymers with a molar ratio of 0.75, 1.00, and 1.25 achieve very similar values of 53.3, 51.6, and 55.8 MPa, and small differences in compressive strength values of 44.7 and 43.3 MPa are observed for the 1.50 and 1.65 ratios, respectively. Lower water absorption values were obtained for the FFA-geopolymers than the DFA-geopolymers. An exception is the DFA-geopolymer with a SiO 2 -to-Na 2 O molar ratio of 1.25 with the lowest water absorption of all samples, amounting to 6.62% (Table 5 ). The water absorption decreases with an increasing SiO 2 -to-Na 2 O molar ratio up to 1.25, with further increasing of the molar ratio causing an increase in water absorption. It can be observed that the values of water absorption measured for the DFA-geopolymers significantly differ from each other in contrast to the FFA-geopolymers with similar values of water absorption for all ratios.
No damage and no body disintegration of the fly ash geopolymer occurred during 50 freezing and defrosting cycles in an aqueous environment. On the contrary, higher compressive strength than the reference sample was obtained for the DFA-geopolymer with a SiO 2 -to-Na 2 O molar ratio of 1.25 after the frost resistance test. Resistance to alternating freezing and defrosting cycles of the DFA-geopolymer with a molar ratio of 1.00 was also good, possessing the same compressive strength as the reference sample. The values of compressive strength of all other geopolymers after frost resistance testing were decreased.
The values of compressive strength of the FFA-geopolymers were lower after 50 defrosting cycles when compared to reference samples without any frost resistance testing. The greatest decrease (33%) in compressive strength was obtained for the geopolymer with a SiO 2 -to-Na 2 O molar ratio of 0.75 (Table 5 ). The FFA-geopolymers with molar ratios of 1.50 and 1.65 possess good resistance to alternating freezing and defrosting cycles, with their compressive strength following frost resistance testing being decreased by only 9 and 10%, respectively.
Alkali activated fly ashes with a SiO 2 -to-Na 2 O molar ratio of 1.25 achieved the best results, and for this reason this ratio was chosen and utilized in the next experiments. Figure 5 shows the compressive strength of both types of geopolymers and their evolution over time (7 and 90 days) depending on different water-to-fly ash ratios. Water content in the mixtures was increased to improve the workability of mixtures. However, compressive strength of the fly ash geopolymers significantly decreases with increasing water content in the mixture. Constant NaOH content with increased water content in the activation solution resulted in reduced NaOH concentration. This has a negative effect on the compressive strength of the geopolymers because of the decreasing dissolution rate of the material. A higher initial proportion of water in the mixture results in increasing of geopolymer porosity (Steveson and Sagoe-Crentsil 2005a, b) which could be related to the increase in the water absorption of geopolymers with an increasing water-to-fly ash ratio. The FFA-geopolymers achieved higher values of water absorption than the DFA-geopolymers.
Effect of the water-to-fly ash ratio
The compressive strengths of the fly ash geopolymers were lower after 50 defrosting cycles when compared to reference samples without any frost resistance testing (Table 6) . No damage of the fly ash geopolymer occurred during the 50 freezing and defrosting cycles in an aqueous environment. An exception was the FFA-geopolymer with a water-to-fly ash ratio of 0.35, where minor body disintegration occurred. However, no influence on the compressive strength was observed because this geopolymer possesses the same decrease in compressive strength as the geopolymer with a water-to-fly ash ratio of 0.30, where no body disintegration occurred. 
Conclusions
The geopolymers tested in this study were based on fly ashes with a high content of unburned coal residues (more than 20 wt% loss on ignition) taken either directly from a fly ash hopper or from a sludge bed where the ash was exposed to atmospheric influences and erosion for a period of 2-5 years. The testing shows that the fresh fly ash is reactive. Geopolymers prepared from this fly ash possess higher compressive strength than geopolymers prepared from deposited fly ash. On the other hand, DFA-geopolymers possess lower water absorption, and their resistance to alternating cycles is better. Some of the DFA-geopolymers exposed to 50 freezing and defrosting cycles in an aqueous environment achieved higher compressive strengths when compared to reference samples without any frost resistance testing. This type of binder can be used in geopolymer concrete for production material for paving, shaped pieces or kerbs. Elektrownie i elektrociep³ownie stosuj¹ce wêgiel jako paliwo maj¹ istotne znaczenie jako Ÿród³a energii, choae z drugiej strony wytwarzaj¹ du¿e ilooeci popio³ów lotnych ze spalania wêgli. Tylko ma³a czêoeae tych popio³ów jest u¿ytkowana jako surowce odpadowe. Zazwyczaj popio³y lotne s¹ deponowane w osadnikach, co stwarza powa¿ne zagro¿enie oerodowiskowe. Mo¿liwooeci zagospodarowania popio³ów lotnych stwarza przede wszystkim przemys³ materia³ów budowlanych; tym niemniej u¿yt-kowanie popio³ów lotnych z podwy¿szon¹ zawartooeci¹ niespalonych cz¹stek wêgla, co wyra¿a siê wartooeci¹ straty pra¿enia, jest ograniczone do popio³ów wykazuj¹cych stratê pra¿enia 2-5% zgodnie z europejsk¹ norm¹ EN 206-1. Dlatego te¿ popio³y lotne z wysok¹ zawartooeci¹ niespalonych cz¹stek wêgla s¹ deponowane w osadnikach. Depozycja popio³ów lotnych, bior¹c pod uwagê tak¿e czynniki egzogeniczne i biogeniczne, powoduje zmiany sk³adu chemicznego i fazowego popio³ów, co powoduje, ¿e mo¿liwooeci ich póŸniejszego wykorzystania jako surowce odpadowe, jeszcze bardziej malej¹.
Obecnie, jedyn¹ mo¿liwooeci¹ u¿ytkowania popio³ów lotnych wykazuj¹cych wysok¹ stratê pra¿enia, jest synteza geopolimerów. Te nowe materia³y nieorganiczne s¹ otrzymywane w wyniku reakcji nieorganicznej polikondensacji glinokrzemianów z krzemianem sodu w oerodowisku wysoce alkalicznym.
Praca zajmuje siê produkcj¹ spoiw geopolimerowych otrzymywanych w wyniku aktywacji alkalicznej popio³ów lotnych pochodz¹cych z bie¿¹cej dzia³alnooeci oraz ze zwa³owiska. Popio³y lotne pochodz¹ ze spalania wêgla kamiennego w kot³ach py³owych, wykazuj¹c wysok¹ zawartooeae niespalonych cz¹stek wêgla. Wartooeae straty pra¿enia w tych popio³ach przekracza 20%. S¹ one aktywowane alkalicznie roztworami wodorotlenku sodowego i szk³a wodnego. Analizowano zale¿nooeae wytrzyma³ooeci na oeciskanie syntetyzowanych geopolimerów od stosunku SiO 2 /Na 2 O, zawartooeci Na 2 O i zawartooeci wody. Wytrzyma³ooeae na oeciskanie aktywowanych alkalicznie popio³ów lotnych deponowanych (DPA) i z bie¿¹cej dzia³alnooeci (FFA) wynosi odpowiednio 39,8 MPa i 46,8 MPa po 7 dniach i wzrasta z czasem.
ALKALI ACTIVATION OF FRESH AND DEPOSITED BLACK COAL FLY ASH WITH HIGH LOSS ON IGNITION
K e y w o r d s alkali activation, fly ash, loss on ignition (LOI)
A b s t r a c t Heating plants and power stations using coal as a fuel are employed worldwide as energy sources, consequently generating large quantities of fly ashes. Only a small part of these fly ashes are used as a secondary raw material. Most commonly, fly ash is deposited at sludge bed where it poses substantial ecological risks. Possibilities of utilizing fly ashes are mainly found in the construction industry; however, utilization of fly ash with a high content of unburned coal residues, expressed by loss on ignition (LOI), is limited to 2-5% LOI by the European standard STN EN 206-1. That is why fly ash with a high content of unburned coal residues is deposited at sludge bed. Fly ash deposition, hand in hand with exogenous and biogenous factors, changes the chemical and phase composition of fly ashes so the possibility for their further utilization as a secondary raw material is even more diminished.
Currently, one possibility for the use of high-LOI fly ashes is in the synthesis of geopolymers. These new materials are inorganic materials obtained from an inorganic polycondensation reaction of solid aluminosilicates with sodium silicate solution in a highly alkaline environment. This paper deals with the production of geopolymer binders from the alkaline activation of fresh and deposited fly ash. The fly ashes originated from black coal fired in melting boilers, and have a high content of unburned coal residues. Content of LOI in both fly ashes exceeds 20%. The fly ashes are alkali activated with solutions containing sodium hydroxide and sodium waterglass. The analysis examines the effects of the SiO 2 -to-Na 2 O ratio, Na 2 O, as well as the water content in the synthesis of fly ash-based geopolymers on their compressive strength. The compressive strength of alkali--activated, deposited fly ash (DPA) and fresh fly ash (FFA) were 39.8 MPa and 46.8 MPa after 7 days, respectively. Their compressive strength increased with time.
